This paper proposes an algorithm of leader-following consensus control of multiple fixed-wing unmanned aerial vehicles'(UAVs) attitudes with time delays and unknown external disturbances. Firstly, a distributed controller based on undirected graph for leader-following consensus control of multi-UAVs' attitudes is proposed. Then, the effects of time delays are compensated with the help of Lyapunov-Krasovskii function, Cauchy and Young's inequality. Secondly, RBF neural network is introduced to estimate and reduce the negative effects of external disturbances. Finally, the effectiveness of the proposed distributed controller is demonstrated by Lyapunov theory and simulations.
I. INTRODUCTION
In recent decades, multiple unmanned aerial vehicles (multi-UAVs) system control has become an attractive and active topic because of its wide applications in various fields. In most situations, a combination of multi-UAVs provides more advantages than a single UAV. For example, searching and rescuing targets in a large area [1] , [2] , drawing a map for a large field [3] and completing aircrafts' aerial refuelling mission by multi-UAVs' team cooperation [4] , [5] .
The fundamental issue of the multi-agent system is the consensus problem [6] - [8] , generally speaking, the purpose of consensus control of a multi-agent system is that all agents that will be synchronized to reach a common state by a control protocol based on the neighbour agents' information [9] , [10] , which can be divided into two classes that are leaderless consensus and leader-following consensus [11] - [13] . The process of leader-following consensus is that all agents reach the synchronous state by following a common reference The associate editor coordinating the review of this manuscript and approving it for publication was Choon Ki Ahn . signal with fixed or switching topologies. Besides, it could be difficult to construct the consensus controller with time delays and unknown nonlinear disturbances and functions. The neural network (NN) technique can be a powerful tool of approximating arbitrary nonlinear functions, in particular, radial basis function (RBF) neural network is widely used for its simple network structure and effectiveness in estimating nonlinear functions. In [12] - [15] , the scheme of NN-based distributed control has been designed to compensate the nonlinear unknown parts or disturbances, but none of them consider the uncertainties of time delays. Large time delays can damage stability of multi-UAVs' system and increase the difficulty for neural network to learn the unknown functions, therefore, in [16] , [17] , by applying Lyapunov-Krasovskii function, Cauchy and Young's inequality, the time delays in the multi-agent system were compensated.
A multi-agent system is a collection of multiple interacting agents. Our main contributions are summarized as follows:
• Fixed-Wing UAVs are difficult to be applied to the practice of multi-UAVs' synchronization due to their complex control structures [18]- [21] . A multi-UAVs' attitude VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ system with time delays and unknown external disturbances is constructed based on a given single UAV's attitude system. This paper constructs the mathematical model of the multiple fixed-wing UAVs' attitude system under time delays and external disturbances, and realizes its synchronization.
• The leader-following consensus controller based on undirected graph is designed with Lyapunov-Krasovskii function, Cauchy and Young's inequality, and RBF neural network to compensate the effects of time delays and external interferences, realizing the attitude synchronization of multiple fixed-wing UAVs. The properties of stability and convergence of the proposed controller are demonstrated by Lyapunov theory and simulations, and it achieves a good synchronization performance.
The remainder of this paper is organized as follows: In Section II, the problem of leader-following consensus control of UAVs' attitude system is described and some preliminaries are presented. We propose the design of consensus controller in Section III and use methods in Section II to minimize the consensus error. Section IV gives the implementation details and shows multi-UAVs' synchronization performance. We conclude this paper in Section V.
II. PROBLEM FORMULATION AND PRELIMINAR
For convenience, the following notations are used throughout in the paper: 1) I n is an n × n dimensional identity matrix.
2) A T denotes the transpose of vector or matrix A, tr(·) is the trace of a given matrix, ⊗ stands for Kronecker product, diag(·) represents a diagonal matrix, B is the Euclidean norm of vector or matrix B and B = (tr(B T B)) 1/2 .
3) For a non-full rank matrix M ∈ R m×l , m = l, there is a Pseudo inverse M + ∈ R l×m such that MM + = I m .
A. SYSTEM DESCRIPTIONS AND ASSUMPTIONS
The single fixed-wing UAV's attitude motion has three degrees of freedom about its centroid, including pitch, roll and yaw motion. The vehicle's configuration allows the pitch torque and the roll torque to be produced by ailerons and elevators, the yaw torque to be produced by the rudder. Besides, three reference frames, called navigation frame, body-fixed frame and wind frame, are expressed by the letters n, b, and w respectively [22] - [24] . The differential equations concerning the angle of attack α and the sideslip angle β are as follows [25] :
where d is the weight of the UAV, V T is air speed, ρ is air density. The coefficients C Y 1 and C Z α can be seen in Table 1 .
where p, q, r are the vehicle's roll rate, pitch rate, and yaw rate in the body-fixed frame respectively, and the relationship between them and the Euler 
According to Newtonian mechanics [25] , [26] , the dynamic equation of the UAVs' attitude system can be derived as:
where M b is the total torque in the body-fixed frame, I b is the inertia matrix in the body-fixed frame, and they are defined as:
where L b , M b and N b in M b are the roll torque, pitch torque and yaw torque respectively,q = ρV 2 T 2 is dynamic pressure, b is wingspan,c is mean aerodynamic chord, S is the surface area of wing, and
where δ a1 and δ a2 are the left and right aileron's controller respectively, δ e1 and δ e2 are the left and right elevator's controller respectively, δ r is the rudder's controller. The dimensionless angle rates are defined as:p = bp 2V T ,q = cq 2V T ,r = br 2V T . The rest coefficients like the form of C can be seen in Table 1 .
the state space model of the single fixed-wing UAV's attitude system in Eq. (3) can be redefined as: (6) where F(x(t) ), G(t) and Q(t) ∈ R m can be seen in Appendix. m is the dimension of state vector and l is the dimension of control input.
x(t) = F(x(t))x(t) + G(t)u(t) + Q(t)
Based on Eq. (6), a class of nonlinear multiple fixed-wing UAVs' attitude system with time delays and unknown external disturbances can be modelled by the following differential equation:
is a random external disturbance, τ i is an unknown time delay and n is the number of unmanned aerial vehicle.
The derivation of desired reference or leader for the nonlinear multi-agent system can be designed as:
The control task in this paper is to propose a scheme of consensus control for each agent to follow the leader, i.e., let lim t→∞ x i (t) − x l (t) = 0, under time delays and external disturbances.
In order to facilitate the design of the controller, it is necessary to make following assumptions.
Assumption 1: For the unknown time delay τ i , i = 1, 2, .., n, there exists a positive known constant τ max , such that τ max ≥ τ i , i = 1, 2, .., n. Assumption 2: The leader's dynamic function f l (t) ∈ R m is bounded and smooth, i.e., f l (t) ≤ α, α is a positive constant, constant α is only for stability analysis, its actual value is unnecessary to be known.
B. ALGEBRAIC GRAPH THEORY
To solve coordination problems, the graph theory is proposed in [16] , [17] . An undirected graph is denoted by:
where ν = {ν 1 , ν 2 , . . . , ν n } is a set of nodes and ε ⊆ ν × ν is a set of edges.
If there exists an edge between two nodes, the two nodes are adjacent. A graph is simple if there are no self-loops or repeated edges. If there is a path between any two nodes of a graph , then is connected, otherwise disconnected.
Here we consider a system consisting of n agents and a leader. In Eq. (7), the state of agent i is denoted by x i (t) for i = 1, 2, .., n. Regarding the n agents as the nodes in ν, the relationships between n agents can be conveniently described by a simple and undirected graph . The weighted adjacency matrix of is denoted by A = [a ij ] ∈ R n×n , where a ii = 0 and a ij = a ji (a ij > 0 if there is an edge between agent i and agent j), and the Laplacian matrix L = [l ij ] ⊂ R n×n for the weight matrix A is defined as:
a ij for i = 1, 2, .., n.
C. RBF NEURAL NETWORK APPROXIMATION
Mostly RBFNN approximation is used for the unknown smooth function ϕ(x) ∈ R m , according to [27] , [28] , which can be described as the following form:
, ξ i and ζ i are the center and width of the receptive field respectively, and z ∈ R m is the input vector, m is the dimension of input. RBFNN, with suitable weights, can approximate the unknown function precisely:
where w * ∈ R N ×q is the ideal weight vector, ε(z) ∈ R m is the approximation error, and ε(z) ≤ δ, δ is a limited positive constant.
D. SUPPORTING LEMMAS
This subsection gives some supporting lemmas, which can be used in the next section.
Lemma 1 [29] : An undirected graph is connected if and only if its Laplacian matrix L is irreducible.
Lemma 2 [30] : For the irreducible Laplacian matrix L = [l ij ] ∈ R n×n , which has l ij = l ji ≤ 0 for i = j and l ii = − n j=1 l ij for i = 1, 2, . . . , n. Then all eigenvalues of the
where β and η are positive constants, then the following inequality is held:
Lemma 4 [16] , [17] : Let x(t), y(t) ∈ R m be continuous positive vector functions, by Cauchy inequality and Young's inequality, there exists the following inequality:
III. DESIGN OF A CONSENSUS CONTROLLER
As mentioned above, the interconnection graph of the nonlinear multi-UAVs' attitude system is an undirected connected graph. The tracking error between the i-th agent and leader can be defined as: µ i (t) = x i (t) − x l (t) ∈ R m . Combined with dynamic equations (7) and (8), the error dynamics between agents and the leader can be defined as:
According to [9] , [12] , the consensus error vector of the i-th agent can be defined as:
. . , b n ) denotes the communication weight matrix between agents and the leader. when b i > 0 there exists the information exchange between agent i and the leader, when lim t→∞ e i (t) = 0, multiple UAVs achieve consistency.
Define a Lyapunov function as:
The positive definite matrixL ⊗ I m ∈ R nm×nm can be described as:L
where M ∈ R nm×nm is the left eigenvector matrix ofL ⊗ I m ,
Based on Eq. (18), the Lyapunov function V 1 (t) can be redefined as:
where = M −1 M T ∈ R nm×nm , e = [e 1 (t), e 2 (t), .., e n (t)] T ∈ R nm .
Based on Eq. (19), the range of V 1 (t) can be obtained:
where λ min ( ) and λ max ( ) are the smallest and largest eigenvalues of respectively. Differentiating V 1 (t) and usingμ i (t) in Eq. (15), the following one can be derived:
where
Based on Assumption 2 and Lemma 4, inequality (22) and inequality (23) can be obtained:
By using inequality (22) and inequality (23),V 1 (t) can be rewritten as:
To compensate the uncertainties caused by the unknown time delays in the process of designing control scheme, Lyapunov-Krasovskii function is introduced and its mathematical expression is as follows:
Then a Lyapunov function is designed as:
Differentiating V e (t) by inequality (24), the following one can be derived: 2 2 + e T i (t)Q i (t)
To fulfill the control task, the desired controller u i (t) can be designed as: (28) where G + i (t) and e + i (t) are the Pseudo inverse of G i (t) and e i (t) respectively, inverting them by this method can avoid the singularity caused by non-full rank matrix's inverse operation.
Substituting the controller (28) into inequality (27) , the following inequality aboutV e is yielded:
., n}, and substituting it into inequality (29) yields:
where ρ = nα 2 2 , and there exists:
So, the inequality (30) can be rewritten as:
Applying Lemma 3, one can obtain that:
The above inequality implies that the consensus error e i (t) can converge to a small enough value when using the appropriate design parameter γ . Because f i (x i (t)) ∈ R m and d i (t) ∈ R m are unknown, F i (t) = f i (x i (t)) + d i (t) ∈ R m is also unknown. Thus, the proposed controller (28) cannot be applied to the multiagent system (7) directly. By using RBFNN expressed in Eq. (11) and Eq. (12),F i (t) can approximate the unknown function F i (t) precisely:
Here, RBFNN is used to compensate the effect of external disturbances [14] , by adjustingŵ,F i (t) can accurately approximate F i (t). Subsequently,F i (t) =ŵ T i η i (z i ) is introduced into controller u i (t) (as shown in Eq.(39)), then according to Lyapunov theory, it is proved thatF i (t) can counteract the interference caused by F i (t).
Choosing a Lyapunov function candidate:
wherew =ŵ − w * , k i is a variable parameter which is a decimal in the range (0, 1). Taking the time derivative with respect to Eq. (35) by Eq. (26), inequality (27) and Eq. (34), V can be obtained:
wherew =ŵ − w * , z i = e i (t). By Lemma 4, inequality (37) is obtained:
where δ i , i = 1, 2, .., n is a limited positive constant. Substituting inequality (37) into Eq. (36), one can obtain that:
To finish the control task and reduce the external interference, the desired controller u i (t) can be redesigned by introducing Eq. (34):
The neural network's adaptive law can be designed as: 
Based on the fact that:
The following result is obtained:
So, the inequality (42) can be rewritten as:
Based on Eq. (26) and Eq. (35), the inequality (45) can be rewritten as:
According to Lemma 3, like inequality (33), the following inequality can be obtained:
The above inequality implies that the consensus error e i (t) can converge to a small enough value when using the appropriate design parameterβ and using RBF neural network to reduce the unknown function F i (t) ∈ R m , i = {1, 2, . . . , n}.
IV. SIMULATION RESULTS
In order to demonstrate the effectiveness of the proposed consensus control scheme, the simulation for six UAVs' attitudes synchronizing to the leader's attitude is conducted on an Intel Core i7 3.5GHz CPU with 4G memory PC in the Matlab R2018a environment. The necessary parameters of UAVs are as follows:
The communication weight matrix between the six agents and leader is B = diag(0, 1, 0, 1, 0, 1) and Laplacian matrix L is The time delays are τ 1 = 1.5, τ 2 = 1.6, τ 3 = 1.4, τ 4 = 1.4, τ 5 = 1.8, τ 6 = 1.7 and τ max ≥ 2.
The reference or leader's attitude in the navigation frame and its rate in the body-fixed frame are set as:
The reference unknown vector functions are set as:
where F r1 and F r2 are loaded onto 1-3th UAV and 4-6th UAV as unknown external disturbances f 1 (x 1 (t)) − f 3 (x 3 (t)) and f 4 (x 4 (t)) − f 6 (x 6 (t)) respectively. The consensus controller and adaptive law are given by Eq. (39) and Eq. (41) respectively. The correlation coefficient are chosen as γ = 5, k i = 1, σ i = 0.01, i = 1, 2, .., 6.
Then, the simulation results are shown as follows: Figs. 1 and 2 display the simulation results of applying the proposed control scheme Eq. (39) to the multi-UAVs' attitude system Eq. (7) . They display that the attitude angle and angular velocity of multiple UAVs track to the leader's attitude angle and angular velocity. According to the consensus mean square error shown in Fig. 6 , it is observed that the proposed method can provide a good synchronization performance in consensus control of multiple UAVs.
From the simulation results in Figs. 3 and 4 , it can be seen that good estimation performance can be achieved by the RBF neural network. According to Figs. 5 and 6, it is concluded that, with RBFNN to estimate and reduce the unknown disturbance, a best synchronization performance can be fulfilled by the proposed control scheme. 
V. CONCLUSION
In this paper, a leader-following consensus control scheme is developed for multi-UAVs' attitude synchronization with external disturbances and time delays. RBF neural network is introduced to estimate and reduce the unknown nonlinear external disturbance in each UAVs' attitude system. The uncertainties of time delays are compensated by Lyapunov theory, Cauchy and Young's inequality. At the end, this work is one of the first attempts for the multiple fixed-wing UAVs' attitude consensus control with time delays and external disturbances. This research provides a new idea that combined the intelligence methods with the traditional control methods to solve the practical engineering problems. F(x(t)), G(x(t) ) and Q(t) ∈ R m in Eq. (6) , as shown at the top of the next page, where N 1 = I xz (I xx − I yy + I zz ), N 2 = I yy I zz − I 2 He is currently a Lecturer with the School of Automation and Information Engineering, Sichuan University of Science and Engineering. His current research interests include multi-agent systems, networked control system theory, adaptive optimal control, and robust control and its applications.
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